Abstract. The CCSD, CCSD(T), and CR-CC(2,3) coupled cluster methods, combined with five triple-zeta basis sets, namely MG3S, aug-cc-pVTZ, aug-cc-pV(T+d)Z, aug-cc-pCVTZ, and aug-cc-pCV(T+d)Z, are tested against the DBH24 database of diverse reaction barrier heights. The calculations confirm that the inclusion of connected triple excitations is essential to achieving high accuracy for thermochemical kinetics. They show that various non-iterative ways of incorporating connected triple excitations in coupled cluster theory, including the CCSD(T) approach, the full CR-CC(2,3) method, and approximate variants of CR-CC(2,3) similar to the triples corrections of the CCSD(2) approaches, are all about equally accurate for describing the effects of connected triply excited clusters in studies of activation barriers. The effect of freezing core electrons on the results of the CCSD, CCSD(T), and CR-CC(2,3) calculations for barrier heights is also examined. It is demonstrated that to include core correlation most reliably, a basis set including functions that correlate the core and that can treat core-valence correlation is required. On the other hand, the frozen-core approximation using valence-optimized basis sets that lead to relatively small computational costs of CCSD(T) and CR-CC(2,3) calculations can achieve almost as high accuracy as the analogous fully correlated calculations.
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I. Introduction
Coupled cluster theory 1 has become a standard method for highly accurate molecular electronic structure calculations. The popularity of coupled cluster theory for accurate calculations is primarily associated with the success of the CCSD(T) 2 method, which includes singly and doubly excited clusters by solving the CCSD (coupled cluster singles and doubles) 3 equations and connected triply excited clusters through a non-iterative quasiperturbative correction added to the CCSD energy (CCSD already includes the disconnected triply excited clusters). CCSD(T) provides a size-extensive, well-balanced, and highly accurate description of many-electron correlation effects for systems dominated by dynamical correlation, and computational costs are manageable for small and moderate-sized systems because of the noniterative nature of the triples treatment. The popularity of the CCSD(T) method is also related to the fact that it is an easy-to-use single-reference approach.
However, CCSD(T) can fail dramatically for describing systems involving larger nondynamical correlation effects, which arise when electronic near degeneracy 4 is present. [5] [6] [7] [8] At least for the situations involving single bond stretching or breaking, and reaction pathways involving biradicals, this problem is remedied or ameliorated to a large extent by one of the renormalized CCSD(T) methods, [5] [6] [7] [8] including the recently developed rigorously size extensive variant of the completely renormalized CCSD(T) theory, termed CR-CC (2, 3) .
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The CR-CC (2, 3) method has so far been tested mainly for systems with even numbers of electrons, 6, 7 where near degeneracy occurs in biradicals and dissociating (or very stretched) bonds. The recent extension of the CR-CC (2, 3) approach to systems with odd numbers of electrons 8 has enabled treating near degeneracy cases more broadly, and the present communication provides the first systematic comparison of the performance of CR-CC (2, 3) and CCSD(T) for a diverse collection of reaction barrier heights. A few different variants of the CR-CC (2, 3) theory are examined, including the full CR-CC (2, 3) approach developed in Ref. 6 and three approximate variants of CR-CC (2, 3) . 13 The theory levels tested in the earlier work included single-level wave function methods, such as
Hartree-Fock theory, Møller-Plesset perturbation theory, quadratic configuration interaction approach, and coupled cluster theory; they also included multicoefficient correlation methods, local and hybrid density functional theory, and semiempirical molecular orbital methods.
In this paper, we focus on testing the CCSD, CCSD(T), and CR-CC(2,3) approaches, including four different variants of the CR-CC (2, 3) theory, using all of the reactions included in the DBH24 database and five different basis sets of the triple-zeta quality with and without a frozen-core approximation. One of the main objectives of the present work is to determine if the recently developed CR-CC (2, 3) (2) 
II. Computational Details
In the present work we systematically assessed the performance of the most practical coupled cluster methods, including the CCSD, CCSD(T), and CR-CC(2,3) approaches, with five triple-zeta basis sets by either correlating all electrons or using the frozen-core 15 approximation. The CCSD and CCSD(T) methods have been in wide use for about two decades and are, therefore, well established. The details of the more recent CR-CC (2, 3) theory can be found elsewhere as well. 6, 8 Here, we only mention that in analogy to the conventional CCSD(T) approach, in the CR-CC(2,3) calculations we add a correction due to triply excited clusters to the CCSD energy. The difference between CCSD(T) and CR-CC (2, 3) lies in the definition of the connected triples correction, which in the CR-CC (2, 3) case uses the complete form of the triply excited moments of the CCSD equations (projections of the CCSD equations on triply excited determinants) rather than the leading contributions to these moments used in CCSD(T). Moreover, in the CR-CC(2,3) approach, one renormalizes the connected triples correction through the use of the left eigenstate of the similarity transformed Hamiltonian of coupled cluster theory, which adds the necessary flexibility in handling the biradical and bond breaking regions of molecular potential energy surfaces.
The CR-CC (2, 3) 
, while neglecting other many-body terms in
we obtain variant A, designated as CR-CC(2,3),A.
Variants A and B of the CR-CC(2,3) approach are closely related to the triples parts of the CCSD(2) corrections developed by Hirata et al. 9 (variant A) and Head-Gordon et al.
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(variant B), as discussed in detail in Refs. 6 and 8. In particular, the CR-CC(2,3),A method is equivalent to the CCSD(2) T approach of Hirata et al., 9 when canonical Hartree-Fock orbitals are used. The CR-CC(2,3),B approach is equivalent, up to small details, to the triples 7 correction of the CCSD(2) method developed by Head-Gordon et al. 10 As explained in Refs.
6 and 8, the computer cost of each type of CR-CC (2, 3) calculations is approximately twice the cost of the conventional CCSD(T) calculations.
All calculations in this study are based on reactant, product, and transition structures optimized at the QCISD/MG3 level with the spin-restricted formalism for closed-shell systems and the fully spin-unrestricted formalism for open-shell systems. All of our experiences to date indicate that these geometries are well suited for the present study, although we plan to examine the effect of the geometries optimized at higher levels of theory on the quality of coupled cluster results reported in this work in the future study. The main purpose of the present study is to assess the reliability of various coupled cluster approaches, basis sets, and the frozen-core approximation when one uses the QCISD/MG3 geometries.
The effect of spin-orbit coupling was added to the energies of the Cl and OH radicals, which lower their energies by 0.84 and 0.20 kcal/mol, respectively.
The CCSD(T) calculations were performed using the MOLPRO 2002.6 package. The five basis sets used in this work are MG3S 19 and four correlation-consistent basis sets, namely, aug-cc-pVTZ, 20, 21 aug-cc-pV(T+d)Z, 22 aug-cc-pCVTZ, 20, 23 and aug-ccpCV(T+d)Z. Note that MG3S is identical to 6-311+G(3d2f,2df,2p) for H-Si and is similar to 6-311+(3d2f), but improved 24 for P-Ar. The aug-cc-pV(T+d)Z basis set is the same as augcc-pVTZ except that it has a single extra d function for the second row atoms from Al through Ar, and the other d functions of aug-cc-pVTZ are also optimized for these atoms. In this work, we generate the aug-cc-pCV(T+d)Z basis set which is the same as aug-cc-pCVTZ basis set except that all valence d functions are taken from aug-cc-pV(T+d)Z plus two d functions describing inner shells are taken from aug-cc-pCVTZ. The sizes of the various basis sets are indicated in Table 1 .
First we carried out calculations with all electrons correlated; these will be denoted as "full". The MG3S, aug-cc-pVTZ, aug-cc-pCVTZ, and aug-cc-pCV(T+d)Z basis sets were used in the full calculations. The MG3S and aug-cc-pVTZ basis sets are valence-optimized, but we used them in full calculations to test the combination of full calculation and valenceoptimized basis set.
We also performed calculations that account only for valence correlation. These are sometimes called "frozen core", but here we denote them just by omitting "full". The MG3S, aug-cc-pVTZ, and aug-cc-pV(T+d)Z basis set were used in frozen-core calculations.
All of the above basis set choices are geared toward systematically assessing how significant the effect of freezing the core is on the activation barriers included in the DBH24 database. They also allow us to examine if using smaller triple zeta basis sets of the MG3S quality leads to acceptable accuracies and consistent results at various levels of coupled cluster theory.
III. Results and Discussions
The entire set of reaction barrier heights for the DBH24 database, as calculated with the CCSD, CCSD(T), and CR-CC(2,3),A-D approaches, combined with five triple-zeta basis sets, MG3S, aug-cc-pVTZ, aug-cc-pV(T+d)Z, aug-cc-pCVTZ, and aug-cc-pCV(T+d)Z, are given in the supplementary material. 25 The calculated mean signed errors (MSEs) and mean unsigned errors (MUEs) of these methods are listed in Table 2-4. With all five basis sets, the CCSD method overestimates all the reaction barrier heights except for the forward barrier height of reaction HCN → HNC with the aug-cc-pVTZ basis set. The mean unsigned errors of the CCSD method are around or above 2.0 kcal/mol for the DBH24 database. Especially for heavy-atom transfer reactions, the CCSD method gives quite large errors (above 2.9 kcal/mol), which is much worse than many density functionals with either polarized double-zeta or polarized triple-zeta basis sets. Table 2 and Table 3 Table 4 ). 25 On the other hand, the aug-cc-pCV(T+d)Z basis sets give almost the same results as the corresponding aug-cc-pCVTZ basis sets at the all-electron CCSD(T) level. Although CCSD(T)(full)/MG3S and CR-CC(2,3)(full)/MG3S calculations occasionally improve the accuracy by about 0.05 kcal/mol as compared to frozen core approximation, it is not recommended to use valence-optimized basis sets when including core and core-valence correlation since this is not only more expensive, but a potential source of problems. 26 Note that the MG3S basis set is much smaller than the aug-cc-pVTZ basis set, as shown in Table 1 , while providing high quality results. The combination of the MG3S basis set with the CCSD(T) or CR-CC(2,3) methods is a good choice to balance the accuracy and computational costs in calculations for larger systems. The mean unsigned errors characterizing the CR-CC(2,3) results listed in Tables 2   and 3 show that variants C and D of CR-CC (2, 3) give almost the same results, which indicates the negligible role of the three-body components in the 
